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Abstract: We present a model of supersymmetry breaking mediated through a small 
^ ■ extra dimension. Standard model matter multiplets and a supersymmetry-breaking 

O ' (or "hidden" ) sector are confined to opposite four-dimensional boundaries while gauge 

■~>^ ■ multiplets live in the bulk. The hidden sector does not contain a singlet and the domi- 

p • nant contribution to gaugino masses is via anomaly-mediated supersymmetry breaking. 

p • Scalar masses get contributions from both anomaly mediation and a tiny hard breaking 

^ ' of supersymmetry by operators on the hidden-sector boundary. These operators con- 

tribute to scalar masses at one loop and in most of parameter space, their contribution 
dominates. Thus it is easy to make all squared scalar masses positive. As no additional 



H ' fields or symmetries are required below the Planck scale, we consider this the simplest 

working model of anomaly mediation. The gaugino spectrum is left untouched and the 
phenomenology of the model is roughly similar to anomaly mediated supersymmetry 
breaking with a universal scalar mass added. We identify the main differences in the 
spectrum between this model and other approaches. We also discuss mechanisms for 
generating the /i term and constraints on additional bulk fields. 
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1. Introduction 

If supersymmetric partners of standard model particles are discovered by the collider 
experiments of the coming decade, one of the first theoretical questions that must be 
answered is "how did supersymmetry break?". Softly broken supersymmetry as an 
effective low energy theory contains over one hundred parameters, but we expect there 
is an organizing principle that determines most of these parameters. This involves a 
mechanism to break supersymmetry and a means to communicate, or mediate, super- 
symmetry breaking to the superpartners of the Standard Model (SM). It behooves us 
to search for simple and compelling models that generate soft masses of order the weak 
scale in a predictive and experimentally allowed fashion. 

Viable models are those which do not have contributions to processes beyond their 
experimental bounds. Processes which include, for example, flavor changing neutral 
currents (FCNC), CP violation or lepton flavor violation, are suppressed in the stan- 
dard model, and thus whatever generates the soft parameters must also sufficiently 
suppress flavor and CP violationj^ 0]. The former is naturally suppressed in mod- 
els of gauge- mediated supersymmetry breaking (GMSB), where soft terms come from 
loop contributions involving standard model gauge interactions |^. Since the gauge 
interactions are flavor blind, the soft masses are as well. 

Another candidate mechanism for mediating supersymmetry breaking is via the 
superconformal anomaly |Q, |^, ^. In the absence of pure singlets in the supersymmetry 
breaking sector, gaugino masses are generated at the one- loop level 0. If in addition 
the standard model fields are confined to a four- dimensional boundary in a higher- 
dimensional space and supersymmetry breaking occurs on a different boundary (the 
hidden sector) spatially separated from the standard model, then the dominant contri- 
bution to scalar masses come from anomaly mediation and are of the same order as the 
gaugino masses [Q. Large contributions to FCNC processes are avoided because the 
scalar masses, in particular the first and second generation, are dominated by contri- 
butions proportional to the beta functions of gauge couplings. Similarly, CP violation 
can also be suppressed if all weak scale masses are generated by a single hidden sector 
parameter. 

However, pure anomaly mediation predicts tachyonic sleptons. The squared scalar 
mass contributions are proportional to beta functions of gauge couplings, with non- 
asymptotically free gauge groups giving them negative contributions. In the mini- 
mal supersymmetric standard model (MSSM) the SU(2)xU(l) gauge groups are non- 
asymptotically free, and thus the squared masses of sleptons (in particular, those of the 
first two generations) have overwhelmingly dominant contributions which are negative. 



Clearly, additional model building is required. The task is nontrivial since the form of 
the soft parameters are renormalization group invariant, depending only on the infrared 
values of the beta functions 0, 0. 

Nevertheless, interesting solutions which avoid these difficulties have been sug- 
gested. Pomarol and Rattazzi proposed adding a light singlet to the visible sector 
which obtains a large vacuum expectation value (vev) for its scalar component, and 
then used this scale to generate a threshold that does not decouple 0. Thus a spec- 
trum very different from that of the original anomaly-mediated models is produced ^ 
and the slepton mass problem can be solved. This idea has also been applied to a GUT 
threshold in Ref. 0. Katz, Shadmi, and Shirman showed that threshold effects do not 
decouple at higher orders in the supersymmetry breaking order parameter, but this 



effect is only significant for thresholds that are not too far above the weak scale [jTO 
Another possibility is to alter the infrared structure of the MSSM directly, by adding 
new matter charged under the standard model and new Yukawa couplings [^ or an 
additional U(l) gauge group 0, 0, |12|, |1^. Finally, one can add additional non-MSSM 



fields to the bulk to generate new contributions to soft masses [|1J, ^ |T6|, though in 
most cases, these contributions dominate those of anomaly mediation. In any case, the 
additional structure needed to solve the slepton mass problem invariably affects much 
more of the sparticle spectrum than just the slepton masses, and so the phenomenology 
need not have any resemblance to "pure" anomaly mediation. 

In this article, we present a simple model of supersymmetry breaking mediated 
by both supergravity and MSSM gauge multiplets that live in the higher dimensional 
"bulk". The hidden sector is spatially separated from the matter sector, and conse- 
quently contact interactions are forbidden by locality. In this way, the model is similar 
to gaugino-mediated supersymmetry breaking (gMSB) |jl5|, |16| as well as anomaly me- 



diation 0, 1^. However, unlike the original gaugino mediation proposals |T3, W\, we 
assume there are no fundamental singlets in the hidden sector. This is well motivated 



as most known models of dynamical supersymmetry breaking lack singlets []17, 
and was a major motivation that led to uncovering anomaly-induced gaugino masses 
0. We will show that this implies the dominant contribution to gaugino masses is 
from anomaly mediation. Scalar masses also receive their usual contribution from 
anomaly mediation, but in this model the gauge and gaugino fields can also commu- 
nicate supersymmetry breaking to the matter sector. We will show that the leading 
gaugino-mediated contribution comes from a set of higher dimensional operators which 
generically appear on the hidden sector boundary. These operators result in tiny cor- 
rections to the wave function renormalization of gauginos different from gauge fields 
and thus are a hard breaking of supersymmetry. These operators contribute to squared 



scalar masses at one loop. In doing a full five- dimensional calculation, we show that 
their contributions are of the right size to solve the slepton mass problem of anomaly 
mediation. Below the compactification scale, the model therefore has all the appear- 
ances of anomaly mediation with an additional contribution to scalar masses. This is 
perhaps the most minimal solution to the slepton mass problem in anomaly mediation. 
Notice that because the interactions that give rise to the additional scalar mass con- 
tributions involve gauge and gaugino fields, they are automatically flavor-blind. We 
need only assume that the extra dimension is large enough such that the exponentially 
suppressed wave-function overlap estimates of contact FCNC interactions are indeed 
suppressed without fine tuning (a compactification length one order of magnitude larger 
than the five- dimensional Planck length is sufficient). 

The rest of this paper is organized as follows. In Section |^ we review the salient 
features of anomaly mediation including the predicted spectrum and its decoupling 
features. In Section |^ we present our model. We show that the dominant contribu- 
tion to gaugino masses is from anomaly mediation, while the bulk gauge and gaugino 
fields give rise to additional contributions to scalar masses. In Section H we discuss 
phenomenology, including the list of input parameters and the generic spectrum. In 
Section | we briefiy discuss solving the /z problem and the effects of adding bulk fields 
and in Section ^ we conclude. An appendix is included in which we demonstrate how 
we take into account the effects of GUT fields at the threshold. 

2. Anomaly mediated supersymmetry breaking 

In this section we review the contributions to soft terms from the superconformal 
anomaly |Q, ^ as well as the construction in extra dimensions which makes these con- 
tributions the dominant ones [Q. There are actually several distinct contributions 
to, for instance, gaugino masses from the anomalous symmetries in the supergravity 



Lagrangian (see also |T^). These contributions reduce to that of just the super- 
conformal anomaly [^ Q when it is assumed that all vacuum expectation values in or 
coupled to the hidden sector are much smaller than the Planck mass, Mpi. For the 
remainder of this paper, we shall make this assumption. 

If singlets are absent from the hidden sector, the dominant contribution to gaugino 
masses comes from anomaly mediation and is loop suppressed with respect to the grav- 
itino mass, WI3/2. Scalar masses would in general be of order 7/13/2 as usual in "SUGRA" 
scenarios, meaning that not only does one still have the usual FCNC problem, but one 
must also fine-tune the coefficients of at least some of the operators to be of order a 
loop factor [E|. However, scalar masses can be suppressed by spatially separating the 



hidden sector from the MSSM in extra dimensions. For our purposes, we imagine one 
extra flat spatial dimension compactified on S^ /Z2. The fifth coordinate y runs from 
—L to L with y — > —y identified. The four-dimensional hypersurfaces at y = and L 
are where the MSSM and hidden sectors live respectively, while supergravity lives in 
the bulk [ffl. The compact dimension could be stabilized by the mechanisms in Ref. 



[pO| or ||2T| without greatly changing the dynamics of supersymmetry breaking. 

With an extra dimension of size L, the five-dimensional Planck scale M* is related 
to the four-dimensional (reduced) Planck scale Mpi by [^ 

MlL = Ml,. (2.1) 

To solve the flavor problem, we must suppress flavor violating operators such that the 
off-diagonal squared squark masses are at most of order 10~^ times the diagonal squared 
squark masses B]. Thus, operators like 



±^ J d'e^^^QlQ, [1^3) (2.2) 



should conservatively have a coefficient less than of order 10^'^ x ("^^eaA;/'^3/2) ~ 10^^. 
These operators could be generated by the exchange of particles of mass M^ and thus 
are suppressed by the exponential suppression of the Yukawa potential e~*^*^, requiring 
M,L > 16. 

To calculate the soft masses, it is simplest to use the compensator formalism of 
supergravity [Q, which has been discussed in the original anomaly mediation papers 
[^,0. In this approach, superconformal symmetry is made manifest by using the 
conformal compensator $ as a spurion for symmetry breaking, where 

$ = 1 + e^my2- (2.3) 

In this formalism, $ is the only source of supersymmetry breaking in the visible sector. 
The coupling of the MSSM to supergravity can be written 



C = J rf*e$t$/(Qt^ e-Vg) ^ J ^2^^3 I ^(g) ^ ^W„W" j + h.c. + ... (2.4) 



where we have written the Kahler potential, superpotential, and gauge superfield terms 
in flat space. Each superfield can be rescaled by $^" where n is the canonical dimension 
of the field. Thus, in the MSSM without a /i term, supersymmetry breaking does 
not appear at tree level. However, all dimensionful parameters will come with the 
appropriate power of $. The key observation is that conformal symmetry is broken at 



the loop level by any regulator of the theory, and that the cutoff scale must also appear 
with the compensator. 

Thus, we expect soft masses to appear at loop level. These masses can be ob- 
tained via explicit calculation with a regulator [^, |^ or using the method of 'analytical 
continuation into superspace' [0, |^, |^. In any case, one finds @, ^ 

MPga 
a = ^3/2 

ga 

^^ = -\(^^^ + W^-)^h^ (2.5) 

Ay = -Tr"^3/2- 

There are three important aspects of this spectrum to notice. First, flavor violation is 
proportional to the Yukawa couplings. Second, because the beta functions for SU(2) 
and U(l) are both positive, the squared masses of at least the first two generations 
of sleptons are negative. Third, the forms of these soft masses are renormalization 
group invariant to all orders 0, ^. In fact, supersymmetric mass thresholds that are 
significantly above the weak scale completely decouple [^ |^, [l^. This can be seen 
as arising from a cancellation between the anomaly-induced supersymmetry breaking 



contributions with threshold contributions. Hence, the results in Eqs. (|2.5| ) are valid at 
the weak scale. This presents a significant obstacle in solving the slepton mass problem. 

The simplest approach to dealing with the slepton mass problem is to simply add 
an additional universal scalar mass squared mg to the spectrum [^ ^ . This is really 
just a phenomenological fix, however, and levies the explanation of why FCNC are 
suppressed into the postulate that ml is flavor-diagonal. Nevertheless, this does allow 
an analysis of the phenomenology of gaugino masses proportional to the gauge beta 
functions. 

As discussed in the introduction, there have been several groups that have specific 
proposals for solving the slepton mass problem. In all cases, the goal is to circumvent 
the decoupling phenomenon. All of these proposals require the addition of additional 



matter and/or gauge groups to the MSSM and all but those in [0, |T^ significantly 
change the gaugino spectrum"!". 

Thus, anomaly mediation by itself is a fascinating but phenomenologically unac- 
ceptable means to communicate supersymmetry breaking. Any model in which the 



^Adding weak-scale Fayet-Illiopoulos terms for hypercharge and an additional U(l) in the MSSM 
does not affect the gaugino spectrum [n2l O] and thus a model in which these terms are generated 
dynamically at the correct size would be quite interesting. 



AMSB contributions are important (or dominant) must be supplemented by a true 
solution to the slepton mass problem, and this generally requires rather complicated 
additional structure that need not leave the spectrum looking anything like simply 
adding a universal scalar mass. 

3. Gaugino assisted anomaly mediation 

Consider taking the model of anomaly mediation in its original form [Q, but place the 
MSSM gauge and gaugino fields in the bulk. If singlets in the hidden sector exist, the 



dominant contribution to soft masses comes from gaugino mediation ||15| , p!q] , since the 
anomaly contributions are loop suppressed. Now, consider the scenario in which no 
singlets exist on the hidden sector boundary. Singlets are absent in many models of 
dynamical supersymmetry breaking, and so this can be thought of as a well-motivated 
"special case" of gaugino mediation. We shall show below that, in this case, anomaly 
mediation plays a much more important role, but that the presence of gauge and 
gaugino fields in the bulk results in additional contributions to scalar masses that are 
naturally of the same size as their anomaly-mediated counterparts. The result is an 
explicit model in which anomaly-mediated contributions are large (and dominant for 
the gaugino masses), while the slepton masses can easily be positive. 

There are a few subtleties of placing gauge and gaugino fields in 4 -|- 1 dimensions. 
The vector multiplet has twice as many physical degrees of freedom. The gauge field 
A^^ has a fifth component A^, there are two 2-component gaugino spinors, A^ and A^, 
and there is a real scalar field $, all in the adjoint representation. We can selectively 
decouple the effects of some of these fields by making them odd under the Z2 part 
of the compactification, explicitly breaking half of the (A^ = 2 in four dimensions) 
supersymmetries at the boundary. Then, the contributions of these fields to what 



follows are negligible. For a detailed prescription and analysis, see Ref. ||28l . 

Putting gauge fields in the bulk allows for local operators combining the gauge 
multiplets with fields of the hidden sector. For instance, if the hidden sector contains 
a singlet S, gaugino masses are generated by the operator 

J d'e^W^WJiy - L) (3.1) 

which gives M1/2 = Fs/iM^L) = (Fs/Mpi) x (M,L)-i/^ This can be compared with 
the anomaly-mediated contribution for a gravitino mass ^713/2 = F/Mpi where we as- 
sociate the fundamental F term with Fs, resulting in M^^ = (167r^)~^F5'/Mpi. For 



M^,L <^ 10^ (which is always satisfied if M^^ is the scale where either the gauge or grav- 
itational coupling gets strong), the gaugino- mediated contribution dominates, and the 



result is gaugino mediated supersymmetry breaking [^, |T6[. Scalar masses are then 



generated at the weak scale via the renormalization group and the spectrum looks sim- 



ilar to that of no-scale models p9[ , with differences depending on the compactification 



scale and how the /x term is generated |15, 16, pO, pT 



If we now suppose that there are no singlets in the hidden sector, the operator 
( |3.1|) is absent. In the Kahler potential, gaugino masses can be generated but they are 
highly suppressed. The leading higher-dimension operator with the least powers of M^, 
is 



/ 



vtv 
d'O j^W'-WJiy - L) . (3.2) 



where E is a hidden sector field charged under some hidden sector group (s) with the 
largest auxiliary component vev Fj^. However, it is obvious that this just gives 

and so takes the same form as (|3.1| ) except that there is the additional suppression of 
F/Ml- Hence, the contribution arising from this operator is of order F'^/{M^L), which 
is negligible compared with the anomaly-mediated contribution. 

However, even though (p.l|) is not allowed, there are a number of operators expected 
to appear on the hidden sector boundary which can contribute to the spectrum. Some 
allowed operators are 

r ytn2y 

Jd'e -—^W-WJiy-L), (3.4) 

r 5]^"E 

d'e W"D'WJ{y-L), (3.5) 

Jd'e DpW"D^WJ{y-L), (3.6) 

jd'e ^^W-D^WJ{y-L), (3.7) 

Jd'e D^W^D^Wp5{y-L), (3.8) 

* 

etc... (3.9) 



where Da is the superspace derivative and the elhpsis denotes additional terms similar 
to those above. When E is replaced with its F component, these operators become tiny 
corrections to the kinetic terms of the gauge multiplet. For instance, Eq. ( p.4|) becomes 



/> I ) ? 



MfiM^L) " 






~2i\a^D^\ - ^F^T^, + D^ + ^F^^F^. 



(3.10) 



where the five- dimensional supersymmetric field strength W"' has been replaced by 
its (rescaled) zero mode Vr°", and F^^", A and D are the four-dimensional gauge field 
strength, gaugino and auxiliary components respectively. Thus the effect of this oper- 
ator is to simply rescale the gauge coupling by a tiny amount. 

The other operators in Eqs. (|3.5| )- (|3.9| ), however, have non- negligible effects. For 
example, the operator Eq. (|3.5|) becomes |T5| 



/yty I F P 1 

where A is the four-dimensional zero-mode of the gaugino. Note that this operator 
contributes only to the gaugino kinetic term. This corresponds to a wave-function 
renormalization of the gaugino slightly different from that of the gauge field and aux- 
iliary components and thus leads to a (albeit tiny) hard breaking of supersymmetry. 

First, let us make a rough estimate of the effects of this hard breaking on the 
spectrum. To do this, we rescale the gaugino wave function such that its kinetic term 
is canonical at the compactification scale L~^ . Such a rescaling changes (for example) 
the gaugino- quark- squark coupling Qgqq relative to the gauge coupling g as^ 

9M^ - 9'm ^ (l + ^y) 9- (3.12) 

Now the one-loop calculation of the contribution to squared scalar masses appears 
quadratically divergent. Taking A = L^^ to be the cutoff, we can approximate this 
contribution as 

5m^. ~ ^ '^^' A^ 
f 167r2 MpL 



■''A shift of the gaugino couphng relative to the gauge couphng also arises from superoblique cor- 
rections [p3[, but this is completely distinct from the operators we are adding. 
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Figure 1: One loop contributions to scalar masses. The dot represents the operator insertion 
in the five-dimensional propagators. The five-dimensional propagators in the loops are (a) 
gauginos, (b) & (c) gauge bosons, and (d) the real scalar adjoint $. 
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167r2 M|i 



(M^iy 



(3.13) 



From this estimate it is clear that there is some range of compactification scales L~^ for 
which this contribution is as or more important as the one from anomaly mediation. 
Notice that these contributions ought to be present in any effective theory. In particular, 
in ordinary supergravity models we can write the operator 






(3.14) 



(where now the field strength superfield W° is purely four-dimensional) which also 
leads to contributions to scalar masses of order F'^/M^ times a loop factor. 

Now we examine this new scalar mass contribution more carefully. The full one- 
loop calculation is extremely well approximated by a five- dimensional loop diagram 
with a single insertion of the operator (|3.11|) on the gaugino propagator (see Fig. |l]a). 
Using the mixed momentum/position space propagators V as defined in the Appendix 
(see also Ref. ||28|, |33, KB), we have 



m^ 



167r2 



/"Atr 



-lviq;0,L)^Viq;L,0) 



(3.15) 



where (7(5) is the five-dimensional gauge coupling, C{i) is the quadratic Casimir for the i 
matter scalar representation, and the integral is over all (Euclidean) four-momenta. The 
integrand is highly peaked around the compactification scale so when computing the 
spectrum, it is reasonable to begin renormalization group evolution at L^^. The integral 
over momenta is finite, due to physical point-splitting, and can be done analytically. 



We obtain 

rh- = 2C(3)r(4)C(z)^^ (3.16) 

There are two things to notice about this result. First, there is a numerical enhance- 
ment of the coefficient partially due to the sum of Kaluza-Klein (KK) modes. Second, 
the form of the contribution Eq. ( p.l6|) looks similar to that of gauge mediated super- 



symmetry breaking for scalars 0. The main difference is that the above contribution 
comes at one-loop with ^f^/lGvr^ and not two loops with (gf^/lGyr^)^. The gauge cou- 
plings, however, are unified at this scale and thus the ratio of squared scalar masses mf 
and fh?j is simply Y^aCaij) / HbChU) as it would be for gauge mediation at the GUT 
scale. 

Using m3/2 = Fy,/Mp\, we can rewrite the expression for the scalar masses in 
Eq. ( |3.1(j| ) in terms of the gravitino mass 

fn' = 2C(3)r(4)C(.)^^,4, (3.17) 

As predicted in our earlier estimate, this "gaugino-assisted" contribution to the scalar 
masses is suppressed by one loop factor and two volume factors M^:L with respect to 
(777.3/2)^. In contrast, the anomaly- mediated contribution is simply two- loop suppressed. 
If the operator in Eq. (|3.11| ) has a coefficient of order one, the two contributions are 
of the same order if (M^.L)''^ ~ g"^ / [IGir'^) . In this case, the slepton mass problem of 
AMSB is solved. We need only require that the sign of the operator in Eq. ( p.ll ) is 



such that the contribution to scalar (mass)^ is positive. Since we are simply writing 
the effective operators, the coefficient, including the sign, is undetermined. 

All of the operators in Eqs. ( |3.5| )- (|3l9| ) give contributions to scalar masses of the 
same form as in Eq. ( |3.17| ). The operator Eq. ( |3.ti| ) contributes to both (F^^)"^ and D^ 
terms^. The {F^^Y term contributes through the diagrams in Fig. |^(b) and |l](c). In 
the five-dimensional theory, the D^ term is converted to {X^ — 5^$)^, where X^ and 
$ are real auxiliary and scalar components of the five-dimensional vector multiplet, 
respectively |2^. This replacement reveals the fourth diagram. Fig. |l|(d). Using the 
scalar propagator in Ref. [^, we get 

^"^^- = 2^77^^7(7) /-— - > ^—^cosq,L\ -, (3.18) 



/ M^ '^J {2n^) \L,^^^q^ + ql ^' j q^ 



§We ignore the FF term as we assume CP is conserved on the hidden sector boundary. This allows 
us to solve the supersymmetric CP problem |g, [l^], but not the strong CP problem. 
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where gs = nix / L and all diagrams are calculated in Euclidean space. The sums in this 
integral are asymptotic series. They become convergent if we make the assertion 

= E(-ir = E(-ir 52! 2 ^ (3-19) 

which allows us to replace the (fc^)^ terms in the numerator with A;^. This was done in 
[p8| and shown to be a necessary ingredient to preserve supersymmetry. Making this 
replacement, we get a result of identical form as Eq. ( p.l6|) . 



The remaining soft parameters to compute are scalar trilinear, or 'A' terms. Scalar 
trilinear couplings do not get contributions from the operators (p.5|)-( |3l9D and are non- 
zero at the compactification scale solely due to anomaly mediation 0, |^ . This is clear 
since these operators preserve an R symmetry which A terms break. Other operators 
produce at most negligible contributions. 

A few comments about the spectrum are in order. In the four-dimensional de- 
scription, there is a tower of KK mode copies of the gauge multiplets which all feel 
supersymmetry breaking from the conformal compensator. Normally we should expect 
these states to completely decouple as is typical in AMSB. However, it is non-trivial 
to show that this generically happens as KK masses come directly from dynamics of 
fields which stabilize the extra dimension. We shall assume that these effects can be 
made negligible in some cases and leave explicit calculations for future work. 

The other threshold one might worry about is that of the GUT scale. If there is a 
unified theory, there are additional matter fields with GUT scale masses such as Higgs 
triplets (or the remainder of the Higgs multiplet) or the fields that break the GUT 
group. These are chiral superfields with a supersymmetric mass of ~ Mqut- From 
the superconformal anomaly, they will get an order weak-scale holomorphic soft mass 
squared of order m^i2MGUT- They will also get a non- holomorphic soft mass squared 
from the one-loop contributions described above. When these fields are integrated 
out, their holomorphic supersymmetry breaking effects on matter scalar soft masses 
decouple [|, ||, 0, [11], [1^. The non-holomorphic piece does not contribute to gaugino 
masses at leading order |^, ^ and as it is of order the weak scale, its contribution to 
scalars is at least one-loop suppressed compared to the leading contributions^. 

One impact the GUT fields could have is on the boundary conditions of the MSSM 
scalars if L~^ <C Mqut- We discuss this possibility in the next section and in the 
Appendix. 



^Note, however, that if the GUT scale is generated dynamically through a mechanism analogous 
to that of Pomarol and Rattazzi, then the GUT physics does not decouple, in some cases leading to 
a viable spectrum |9[| . 
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To summarize, we have found a model that has a gaugino spectrum generated 
purely from anomaly mediation, while the scalar spectrum results from summing two 
contributions to their squared masses: the pure anomaly-mediated contribution plus a 
gaugino-assisted contribution that looks like gauge mediation at the GUT scale. The 
latter can be positive and thus the slepton mass problem is solved. 

4. Spectrum and phenomenology 

We have seen that gaugino mediation without singlets yields a viable model with large 
contributions resulting from anomaly mediation. Since the gaugino masses are gener- 
ated exclusively from anomaly mediation while the scalar masses have both the anomaly 
contributions as well as the gaugino-assisted contributions that we found above, the 
spectrum of the model has qualitative similarities with the phenomenological fix of 
adding a universal scalar mass squared to the anomaly-mediated contribution at the 
unification scale ||26|, which we call "AMSB + ttIq" scenario. However, it is clear from 
Eq. ( ]3.17| ) that our "additional" scalar mass contribution is not universal, but instead 
proportional to a weighted sum over the quadratic Casimirs for the matter field of 
interest 



™2 



m: 



\ oc Y. Ca{i)gl a = f/(l)y, SU{2)l, SU{3), . (4.1) 



In the case where the size of the extra dimension is of order the unification scale, the 
gauge couplings are the same and can be factorized out of the above. The gaugino- 
assisted scalar mass contributions therefore differ merely by a sum over the quadratic 
Casimirs for each representation, which we show in Table 0. 

Gaugino-assisted anomaly mediation has only a small number of input parameters 
in addition to those of the standard model, and is thus a highly predictive model of 
new physics. The anomaly-mediated contribution to soft terms is essentially dictated 
by a single unknown parameter, 771^/2- The gaugino-assisted contribution comes from 
the operators in Eq. (|3.5|)-(P?^) and are parameterized by unknown effective theory 



coefficients. Since the contributions from all of these operators are identical up to 
each of their order one coefficients, we parameterize their contributions by a single 
order one coupling r] which multiplies the quantity in Eq. ( p.l7| ). In addition, in the 
absence of unification, there are really three sets of operators with in principle differing 
coefficients, corresponding to the three gauge groups of the SM. We shall assume that 
gauge coupling unification is not an accident, and therefore the coupling is the same 
for each gauge group. This is a necessary condition for embedding our model within a 
GUT group. 
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Representation 


SM Casimir weight 


Xandy 


gauge 


boson Casimir weight 


Q 


21/10 








3/2 


u 


8/5 








2 


d 


7/5 








1 


L 


9/10 








3/2 


e 


3/5 








3 


Hu 


9/10 








3/2 


Hd 


9/10 








3/2 



Table 1: The Casimir weights that enter the gaugino-assisted contribution to scalar masses 
resulting from five-dimensional loops with ordinary SM gauge fields (middle column) and X 
and Y gauge boson fields of SU(5) (right column), for each SM representation. Note that we 
have assumed H^ and H^ are in the fundamental representation of SU(5). 

A third input of this model is the volume factor M^:L. We restrict ourselves to 
compactification scales which do not disrupt normal four-dimensional gauge coupling 
unification, i.e., we require L^^ ^ Mqut- This also means that we have no new 
proton decay problems beyond those of ordinary (four-dimensional) supersymmetric 
models. Using Eq. (|2.1|), this means there is an upper bound M^L < 22. We are 
anyway interested in keeping M^L small so as not to introduce a new large hierarchy. 
However, as we explained in Sec. ||, avoiding bounds on FCNC requires M^^L > 16, or 
equivalently, L^^ < 2Mgut- 

Changing M^,L affects the size of gaugino-assisted contribution, Eq. ( |3.17] ), but 
this model dependence can be equivalently absorbed in the coefficient rj, and thus we 
can simply set L^^ to Mqut (if we ignore the small effects of the additional running). 
However, there can be an additional effect from decreasing M^,L, which is the turning 
on of contributions from GUT fields. Hence, we must distinguish between gaugino- 
assisted anomaly mediation with or without GUT field contributions. In the case where 
we do have a GUT at the unification scale, we find that the GUT contributions are 
significant for the entire range of L~^. In fact, for L~^ near its upper limit of 2Mgut, 
gaugino-assisted contributions become nearly universal over complete GUT multiplets. 
Thus, for grand-unified gaugino-assisted anomaly mediation, an additional parameter 
r = L~^/Mgut5 with 1 < r < 2, must be added. There is, of course, the additional 
issues of which GUT group, the representation that contains the Higgs, etc. 

Finally, the remaining parameters are those of the Higgs sector. The magnitude 
of the supersymmetric mass parameter fi is fixed by the measured Z boson mass while 
the soft parameter B is unknown. We follow the usual practice and exploit the other 
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electroweak symmetry breaking condition to trade the high scale parameter B for the 
weak scale parameter tan/3 = {Hy) / {Ha) ■ 

Thus the model has the following free parameters: 

m3/2, r], tan/3, andsign(/i), (4.2) 

and also (at least) one more parameter, r, that enters if a GUT exists at the unification 
scale. We should emphasize that the above does not incorporate a specific mechanism to 
generate the /i term. As a result, we should also add the parameters Smfj^ and Smjj 
which are contributions to the Higgs soft parameters over and above those coming 
from AMSB and the gaugino-assisted contributions shown in Fig. |l|. In principle, these 
additional Higgs mass contributions could result not just from a /i-term mechanism 
(we discuss possible mechanisms to generate the /i term in the next section) but also 
from GUT threshold effects, e.g., our ignorance of the representation in which the 
Higgs field is embedded and/or the additional multiplets required for some version of 
doublet-triplet splitting. For simplicity, in the results we present below we shall assume 
that Smfj^ and 6m'jj are negligible, however a more thorough analysis of the parameter 
space is warranted. 

Using the above set of input parameters, we can now compute the low energy 
spectrum. At the unification scale, the AMSB contribution to the scalar masses is 
summed with the gaugino-assisted contribution, and the entire set of renormalization 
group (RG) equations is evolved to the weak scale. We use full two-loop RG evolution in 
gauge couplings, Yukawa couplings, gaugino masses, scalar masses, and scalar trilinear 
couplings. In Fig. ^, we illustrate the running of soft masses with the input parameters 
7713/2 = 35 TeV, ?7 = 1, tan/? = 5 and fi > 0, and without a GUT. Notice that 
the squarks are the heaviest sparticles of the spectrum, followed by the gluino, some 
combination of the Bino, sleptons, and Higgs, and finally the Wino as the LSP. These 
features are generic to most of the allowed parameter space. Since we are adding 
positive contributions to all of the sparticles, it is important to note that the up-type 
Higgs (mass)^ is negative, and therefore electroweak symmetry is broken radiatively 
as usual. The gaugino masses are precisely proportional to the SM beta functions, 
identical to the spectrum studied in the AMSB + ml scenario. 

Now let's look at a spectrum assuming the existence of an SU(5) GUT. It is impor- 
tant to take into account the full gauge multiplet of the unified theory, as the additional 
gauge fields will now appear in the loops in Fig. [I|. We compute this contribution in 
the Appendix for r > 1 in the case of an SU(5) GUT and present the results in Fig. |^. 
Notice that the contributions are quite significant for both the left-handed and right- 
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Figure 2: Soft masses as a function of scale. The input parameters are as follows: 7713/2 = 35 
TeV, 7? = 1, tan/3 = 5, /i > 0, and r = 1. We assume no new fields exist at the scale Mqut- 
For the gauginos (dashed) we plot |Mj|, and for scalars (solid) we plot sign(?7i^)-\/|r7?|. 



handed sleptons. In fact, even at r = 1 the contributions to the right-handed sleptons 
exceeds that from the standard model gauge multiplets. 

To see the effects of the GUT on the spectrum, we run two sets of parameters, 
one with 1^3/2 = 35 TeV, r^ = 1, tan/? = 5, /i > and r = 1, and another with the 
same inputs except r/ = 1/2 and r = 2. The results are presented in Fig. ^. Note 
the most significant change is that the left-handed sleptons are now the lightest scalar 
superpartners in all of our parameter space. 

Another important consequence of the non-degeneracy of the gaugino-assisted 
scalar mass contribution is that the left-handed and right-handed slepton masses are 
no longer accidentally degenerate. It was first shown in Ref. pUf that the spectrum 



of AMSB with the phenomenological fix of adding a universal m^ implies the weak 
scale masses m^ and mg are the same to within a few percent. This is one of the few 
predictions that can also be used to distinguish this framework from generalized gauge 
mediation [^. In gaugino-assisted anomaly mediation, however, the gaugino-assisted 
contributions to the slepton masses differ by the ratio of their summed quadratic 
Casimirs. This can be read off from Table |1|, 5m?j/5m\ = 3/2. Since the anomaly- 



15 





1.0 



1.5 



L 7m, 



2.0 2.5 

L" /Ma, IT 



3.0 



cl,L 



3.5 



Figure 3: Gaugino- assisted contributions to squared scalar masses in units of 171^/2 /IQtt'^- 
The tliin solid lines indicate the contribution from SU(3)xSU(2)xU(l) gauge multiplets, the 
dashed lines represent contributions from X and Y gauge bosons and gauginos of the complete 
SU(5), and the thick solid lines are the sum of both contributions. For r ^ 1, the sums of 
these contributions converge for each complete multiplet (Q, u and e of the 10 and d and L 
of the 5.) 



mediated contribution is also larger (but negative) for the left-handed slepton mass, 
one must combine the above with the anomaly-mediated contributions and evolve to 
the weak scale to determine the slepton mass spectra. In Fig. |^ we show the ratio 
of the left-handed to right-handed slepton masses at the weak scale as a function of 
L~^/Munif, both with and without heavy GUT field contributions. Note that, with or 
without a GUT, this ratio is nearly independent of the other parameters of the model, 
including the size of super symmetry breaking 7713/2. When GUT field contributions are 
not present, we see that the left-handed slepton mass is always significantly larger than 
the right-handed slepton mass. Once GUT field contributions are included, the ratio is 
less than one. However, this last statement depends on the GUT group chosen. In fact, 
if we instead choose SO(IO), the contributions to all chiral matter will be essentially 
universal (at large enough r) and the sleptons would be nearly degenerate, as occurs 
in the spectrum of AMSB + ml (though for very large r one should take into account 
the renormalization group running above the GUT scale). 

Since the gaugino masses are proportional to the SM beta functions, several analy- 
ses of the phenomenology and signals performed in the AMSB + mg scenario apply here 
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Figure 4: Soft masses as a function of scale. The input parameters for the figure on the 
left are the same as in Fig. (with r = 1). The figure on the right is the same except with 
r] = 0.5 and r = 2. A minimal SU(5) GUT is assumed to exist at Mqut- As before, the 
gauginos (scalars) are the dashed (solid) lines. 



as well ||2^, Q. In particular, the lightest neutralino is mostly a Wino, with the lightest 
chargino nearly degenerate in mass. A careful calculation of this mass splitting was 
first done in [^. For a Wino LSP, the near degeneracy results in a macroscopic decay 
length for the lightest chargino, typically of order a few centimeters ||3^, ^, ^ imply- 
ing unique experimental signatures which have been analyzed by a number of groups 
^ PB| , PB| , P7| , 1^ . In addition, the model also shares the cosmological features of 
the AMSB + rriQ scenario, including relaxing the cosmological problem associated with 
gravitino decay during nucleosynthesis, and the possibility of Wino LSP dark matter 
produced via non-thermal primordial gravitino decay [^, ^ . 



5. Additional bulk fields and the fi term 

No model of supersymmetry breaking would be complete without a mechanism for gen- 
erating the supersymmetric mass parameter /x for the superpotential operator fiHuHa. 
As /i should be of the same order as soft masses, it is natural to assume that the /x 
term is generated by supersymmetry breaking. 

There are several mechanisms on the market |^, |^, 0, [Tl[| specific to AMSB. How- 
ever, maintaining the attractive features of the model restricts which mechanisms we 
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Figure 5: Ratio of the left-handed to right-handed slepton masses as a function of L^^/Mgut 
evaluated at the weak scale. The (upper, lower) solid lines correspond to models without GUT 
contributions, while the (lower, upper) dashed lines correspond to models with SU(5) GUT 
contributions (including thresholds), for 7713/2 = (35,70) TeV. Note that in the AMSB +mQ 
scenario, the ratio is 1 to within a few percent 
ratio is significantly less than one 



6[, while in generalized gauge- mediation the 



can use. We discuss the restrictions, putting emphasis on the effects of adding bulk 
fields, and point out the class of mechanisms that work in our context. 

The first requirement is that the Higgs fields live on the matter sector boundary. 
If the Higgs fields live in the bulk, their squared soft masses are expected to be of order 
m^ ~ ml, 2 2> m? due to direct couplings at the hidden sector boundary, and thus we 
avoid this scenario. 

In addition, light bulk chiral superfields, Higgs or otherwise, can give significant 
enough contributions to flavor violation to encroach on current FCNC bounds. To see 
this, we introduce a bulk chiral superfield B. Now, the following operators can appear 
in the Lagrangian: 



yty 
d^0f^B^B6(y - L) 



and 






(5.1) 



We can easily estimate i?'s one-loop contribution to squared scalar masses. It is pro- 
portional to F^/M^ and the effective cutoff of the loop integral is L~^, so dimensional 



analysis gives us an estimate of the scalar mass contribution to be 

1 P'^ 11 1 

which is only a volume factor suppressed when compared with the dominant scalar 
mass contribution. With coefficients of order one and numerical factors taken into 
account, this contribution is about an order of magnitude too large for i,j = 1, 2 [Q. 
One can either forbid new bulk chiral superfields or simply require that their couplings 
to boundary fields are ^ |", allowing /i-term mechanisms such as "shining" [0, |30| . 
Vector multiplets in the bulk allow operators similar to those above but suppressed by 
additional powers of M^,. The additional volume suppression renders them harmless 
with respect to FCNC. 

Viable mechanisms for producing the /i term that do not require additional bulk 
fields or contact interactions between the matter and hidden sectors appear in |j^, |10 



These models require the existence of one or more standard model singlets to live on 
the matter boundary. For example, a /x (and S/i) term of order the weak scale can be 
generated from an operator HuHdXy X in the Kahler potential. This operator gets 
a coefficient Z ( -i/XXt/<l>$t j from wave-function renormalization, where JXXy^<^^ 
should be taken as the renormalization scale and X is the modulus-like field which has 
a large scalar vev but negligible auxiliary component. As shown in [^, this operator 
generates a /i term at one loop and a B^ term at two loops. The operator can be 
generated by a superpotential [XSHuHd + kS^ + yS'^X] (where 5* is a singlet) and a 
kinetic mixing term between X and S. 

Finally, we comment on stabilization of the compactified dimension. As in anomaly 
mediation, the compact dimension can be stabilized by the mechanisms of |^ and | |21| . 
However, a very recent analysis by Chacko and Luty B3] suggests that additional con- 



tributions to gaugino masses arise in the scenario of Ref. [2C] from the radion multiplet 
if the gauge multiplets are in the bulk. The stabilization mechanism of |2T[] works in 
our models without significantly affecting the spectrum as long as one assumes slightly 
suppressed couplings of the new bulk fields to the boundaries as outlined above. It is 
an interesting prospect to see if this mechanism (or any new one) can be embedded 
into supergravity. We leave this speculation for possible future work. 



II We note that in gaugino mediation |T5l M, these contributions are below experimental bounds 
as the flavor blind scalar masses are of order ~ 'm^/2 ■ 
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6. Conclusions 

We have presented a model of mediating supersymmetry breaking through an extra 
dimension. By putting standard model gauge fields and their superpartners in the bulk 
while requiring the hidden sector to be free of singlets, the gaugino spectrum is exactly 
that of anomaly- mediated supersymmetry breaking [^, ^]. The scalar masses obtain 
contributions from both anomaly mediation and operators which appear generically on 
the hidden-sector boundary. The latter amounts to non-supersymmetric contributions 
to wave-function renormalization of the gauge multiplet inducing scalar masses at the 
one-loop level. For order one couplings, the gaugino-assisted contribution is more than 
sufficient to make the squared masses of the sleptons positive. 

The operators introduced in Sec. ^ induce a hard breaking of supersymmetry in 
the four-dimensional effective theory below the scale L^^. The hard breaking man- 
ifests itself as a tiny difference between the gauge and gaugino couplings to matter 
resulting in quadratically divergent contributions to scalars at one loop. We find that 
this way of calculating the contribution gives the same functional result as an explicit 
five-dimensional loop calculation. Furthermore, these operators should appear in any 
general four-dimensional effective theory with a hidden sector since no symmetries (in- 
cluding R symmetries) are broken by them. The contributions to scalar masses from 
these operators are one-loop suppressed compared to those that come from contact 
terms. Thus, they are important when contact terms are absent, such as in models 
with sectors separated spatially in extra dimensions. 

The phenomenology of the model contains some of the interesting features of the 
anomaly-mediated spectrum with a universal mass squared ttiq added to scalar fields 
p6| . In fact, if all standard model matter lives in a single multiplet of a grand unified 
theory, the contribution from gaugino-assisted anomaly mediation could be precisely 
a universal scalar mass. However, if you assume no new physics at the GUT scale, 
or a unified group like SU(5), SU(6) or SO(IO), the new contributions would not be 
universal, thus offering new spectra and thus new phenomenology. We therefore believe 
a more thorough analysis of this model would be of interest, as it is a new, highly 
predictive and very simple way of mediating supersymmetry breaking. 

Appendix: A GUT threshold calculation 

In this Appendix, we make explicit the calculation of gaugino-assisted contributions to 
scalar masses for compactification scales at or above the GUT scale. We assume there 
exists a unified theory and thus the loop contributions from additional gauge fields can 
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Figure 6: Loop contributions to squared scalar masses with (a,b) one and (c,d,e) two inser- 
tions of Mqu^pX (the adjoint propagator). 

be important. For concreteness, we assume a minimal SU(5) GUT and then discuss 
the model dependent and independent features of our results. 

As discussed in the text, the compactification scale L~^ cannot be too much larger 
than Mgut- Therefore, in calculating the contributions to scalar masses from X and 
Y bosons (and their superpartners), it will be important to include their order Mqut 
masses. We use the method of mass insertions and then sum over loops with all number 
of insertions. For simplicity, we first present the calculation for a gauged U(l) broken 
at the GUT scale and later generalize to minimal SU(5) by summarizing the effects of 
the additional group structure. 

We assume a field of charge +1 living on the matter boundary has a scalar vev 
(0) = MQUT/(^/2g). To calculate the loop contribution to light scalar masses due to 
the U(l) vector multiplet and the operators ( p.5|) -( pl9D , we must calculate diagrams 
like those in Fig. |T[ In order to include the effects of the GUT masses, we include 
mass insertions on the gaugino propagators as in Fig. ^ where the crosses represent 
insertions of Mqut and the solid lines in the upper part of the loop are propagators of 
■0, the fermionic partner of 0. The diagram in Fig. ^(a) has the functional form (at 
zero external momentum) 
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Figure 7: The squared scalar mass contribution from a GUT-scale gauge multiplet. The 
curve is normahzed to the same contribution with Mgut = 0. 
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where (?(5) and g are the five- and four- dimensional gauge couphngs respectively, the 
quantity in square brackets represents the insertion on the gaugino propagator and 
the integral is done in Euclidean space. For the gaugino, we use the mixed posi- 



tion/momentum space propagator which appeared in [jT5|: 
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Since P(g;0,0) commutes with 1/^, we see that Eq. (|1]) also represents Fig. §|(b). 

Now we can generalize to any number of insertions. There are n diagrams with 
(n — 1) insertions that have the form 



^tr|24)P,P(g;0,L)^ ^P(g;40)^ 



1 (n-l) • 



P(g;0,0)M2uTL— 



(3) 



where we used the relation g?^^ = g'^/L. Using 
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we sum over all GUT insertions and get 
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'sinh^g [1 - {MG^r^Ly{coi\iq)/qf 

which can be computed numerically. In Fig. ^ we have plotted the ratio of this integral 
to itself with Mqut = over a range of (Mqut-^)"^- We see that the non-zero masses 
of GUT fields should not be ignored for compactification scales up to a factor of a few 
times the GUT scale. 

It is relatively straight forward to generalize the above result to a minimal SU(5) 
GUT. Take to now be in the adjoint representation with a vev 
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Now the 



where t^^ is a generator of SU(5) normalized such that tr[t^^t^^] = ■ 
two quark-squark-gaugino vertices contribute the factor 2g'^{t"'t^)'j. The insertions 
of Mgut now come with structure constants /24ac_ j^^ ^j-^g normalization we chose, 
Z]c(/^^"'^/^^'"^) = V 5/12 (5^^, where 5' = 1 when a = b = x with x representing the bro- 
ken generators SU(5)/[SU(3)xSU(2)xU(l)], and 6' = otherwise. This change gives 
us the same Mgut/v25' insertions as before. The only difference from the Abelian 
case is a "partial Casimir" which depends on the representation (see Table |I| in Sec. H) 
multiplying the integral. 

In the calculation done above, all additional GUT fields or interactions have been 
ignored. For instance, in order to get a vev, must appear in superpotential terms, 
the simplest being a Majorana mass term. These new interactions can have an effect 
the threshold calculation. The most significant of which could come from the mecha- 
nism which splits the Higgs doublets from the rest of their multiplet ( "doublet-triplet 
splitting"). The new multiplets required for such a mechanism could also contribute 
to Higgs soft masses at two loops if the new representations are large enough. Finally, 
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other GUT groups will obviously have different contributions. For instance, at r = 2, 
the gaugino-assisted contribution in minimal SO(IO) would be approximately universal 
for all chiral matter. The group Eq could potentially have a universal contribution to 
all matter fields. However, realistically we expect things like doublet-triplet splitting 
and contributions from D terms to destroy this naive degeneracy. 
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